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Investigation of variable-temperature longitudinal optical ~LO! phonon-assisted luminescence
spectra of free excitons and free electrons in heteroepitaxial GaN thin films has been conducted. It
is found that thermal broadening of the LO phonon-assisted photoluminescence peaks is much
slower than those of the peaks of their parents so that the first-order LO peaks of the free exciton
transition and the band-to-band transition can be well resolved even at room temperature, leading to
a direct determination of the band A free exciton binding energy as 25.460.9 meV. At the same
time, we demonstrate that the simple hydrogenlike model still is a good approximation to describe
the energy level structure of free excitons in GaN. © 2002 American Institute of Physics.
@DOI: 10.1063/1.1514391#Wurtzite GaN is a polar semiconductor with a direct
band gap. Currently, it is of great interest for short-
wavelength optoelectronic and high-power and high-
temperature electronic device applications. It is known that
excitonic radiative transitions play a fundamental role in the
photoluminescence ~PL! processes in high-quality undoped
heteroepitaxial GaN films even at room temperature. Among
them, the G9V band free exciton transition ~denoted FXA in
the article! is often used as a reference line to mark other
exciton transitions. Thus, the binding energy of this exciton
is very important for understanding optical properties of
GaN. So far, very scattered values from 18 to 28 meV have
been reported.1–8 This implies that the binding energy of the
A free excitons depends most likely on the residual strain in
the heteroepitaxial GaN layers.1 Most of these experimental
values are calculated from the measured energy separation
between 1S and 2S states of the A free excitons in the opti-
cal spectroscopy using a simple hydrogenlike model. In this
letter, we determine the binding energy of the A free excitons
directly from the energy distance between longitudinal opti-
cal ~LO! phonon peaks of the free exciton transition and the
band-to-band transition in the GaN epilayer, which is
;25.4 meV.
The sample used in this work was nominally undoped
GaN epilayer grown on sapphire by metalorganic chemical
vapor epitaxy ~MOVPE!. The thickness of the layer is 2.88
mm. In the PL measurements, the sample was excited with
the 325 nm line of a He–Cd laser with output power of 40
mW. The luminescent signal was dispersed and detected with
a SPEX 750M monochromator equipped with a R928 pho-
tomultiplier. The temperature of the sample can be tuned
from 3.5 to 300 K with a Janis closed-cycle cryostat.
At low temperatures, the shallow neutral donor-bound
a!Author to whom correspondence should be addressed; electronic mail:
sjxu@hkucc.hku.hk2950003-6951/2002/81(16)/2959/3/$19.00exciton transition (D0,X) dominates in the PL spectra, as
shown in Fig. 1. It was found that the linewidth of the D0,X
peak at 3.5 K was as narrow as 2.4 meV under low power
excitation.9 This indicates a very high quality of the sample
investigated in the present work. Currently, the highest qual-
ity heteroepitaxial GaN films grown by MOVPE have a
D0,X linewidth between 2 to 3 meV at low temperature.10
Besides the dominant D0,X peak, the FXA (n51), the FXB
(n51), and the FXA (n52) can be resolved in Fig. 1. Here
FXB stands for the B free exciton transition related to G7V .
From Fig. 1, it can be seen that the energy separation be-
tween n51 state (1S state! and n52 state (2S state! of the
A free exciton is ;18.7 meV. The binding energy of the A
free exciton can be calculated from such energy separation
assuming the hydrogenic model based on the effective-mass
approximation. According to Elliott’s theory,11 exciton states
are given by
En52
Eb
n2
, ~1!
FIG. 1. 3.5 K exciton resonant PL spectrum of the GaN epilayer.9 © 2002 American Institute of Physics
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The binding energy of the A free exciton is hence calculated
to be 24.9 meV.
We also observed a pair of weak peaks referred to as
D0,X ~two electron transitions!, as shown in Fig. 1. They are
special and interesting recombination processes. In such a
recombination process, the donor electron of a D0,X is trans-
ferred from its ground state into an excited state.12 The en-
ergies of two peaks observed here are 16.4 meV and 21.6
meV lower than that of the D0,X line, respectively. There-
fore, our sample appears to contain two residual donors with
binding energies of ;22 and 28.8 meV, respectively, assum-
ing Eq. ~1! is also applicable to the case of the donor-bound
excitons. The ;22 meV donor was recently identified as
Si.13 Skromme et al.8 observed the ;28.8 meV donor in
their MOVPE sample too. However, the origin of this re-
sidual donor has not yet identified. The existence of two
residual donors in the sample studied here was confirmed by
the first-order LO phonon-assisted spectra at low
temperature.9 In addition, an unknown peak at 3.5402 eV is
clearly seen in Fig. 1. From its spectral features, such as high
energy and relatively strong oscillator strength, the C free
exciton transition should be ruled out as the origin of this
line. It should be noted that its energy separation from the
excitation laser line ~325 nm, 3.8154 eV! is just three times
that of the LO phonon characteristic energy (;92 meV).9
We thus believe that it stems from third-order LO phonon
Raman scattering.
A pronounced relative-intensity change of the neutral
donor-bound exciton and the free exciton transitions is ob-
served as the temperature is elevated. A rapid increase in the
relative intensity of FXA with respect to D0,X occurs due to
thermalization of the bound excitons into free excitons. At
about 70 K, the D0,X line loses its dominant position, as
shown in Fig. 2. It is interesting that the LO phonon peak of
D0,X quenches more rapidly than itself. Only at about 25 K,
the phonon peaks of the A free excitons becomes stronger
than those of the neutral donor-bound excitons.9 When the
temperature is raised to 50 K, its phonon peaks almost dis-
appear while the D0,X transition still dominates. The mecha-
nism behind this phenomenon is not clear and would need
FIG. 2. Measured exciton resonant PL spectra of the GaN epilayer at dif-
ferent temperatures.more investigation. The further spectral evolution of the LO
phonon-assisted exciton transitions with temperature is more
interesting. Figure 3 shows LO phonon-assisted lumines-
cence spectra measured in temperature range from 50 to 100
K. A distinct feature in Fig. 3 is that a shoulder appears at the
high-energy side of the phonon peak of the A free exciton
transition when the temperature is above 80 K. Moreover, the
relative intensity of this shoulder with respect to the LO
phonon peak of the FXA increases with temperature so that it
develops into a well-resolved peak when the temperature is
above 200 K, as indicated by the dotted line in Fig. 4. At
room temperature, the energy separation between this new
peak and the phonon peak of FXA is about 25.4 meV. It is
also found that this energy separation basically remains un-
changed with temperature. Because of the much smaller en-
ergy distance (;7 meV) between FXA and FXB, the LO
FIG. 3. Corresponding phonon peaks of the principal luminescent lines in
Fig. 2.
FIG. 4. Exciton resonant luminescence lines and their LO phonon peaks at
higher temperatures. The curves are shifted in the x direction for clarity. The
inset shows a PL spectrum at 210 K.
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origin of the new peak. It is not the phonon peak of the 2S
state of the A free exciton because of the smaller energy
separation (;18.7 meV) between 1S and 2S states and the
very weak transition probability of the 2S state.3,4,8,9 We at-
tribute this peak to the LO phonon peak of the band-to-band
transition, denoted by FE-1LO.
It is known that the thermal dissociation process of the
free excitons is FXA→e1h ,3 where e and h stand for free
electron and free hole, respectively. At higher temperatures,
the thermal dissociation rate of free excitons increases with
temperature. As a result, the relative intensity of the band-to-
band transition increases with the temperature. Unfortu-
nately, the band-to-band transition is difficult to be resolved
due to significant thermal broadening ~exponential depen-
dence on temperature!14,15 and thermal distribution of free
excitons at high temperatures. However, for the phonon-
assisted free exciton luminescence process, the transition
probability depends linearly on the exciton kinetic energy
and its linewidth increases only linearly with temperature
according to theoretical model.16 Therefore, it is possible to
resolve the phonon peaks of the free exciton transition and
the band-to-band transition. Because the energy separation
between the band-to-band transition and the free exciton
transition is just the binding energy of free exciton, the bind-
ing energy can be directly determined from the energy spac-
ing between the phonon peaks of the band-to-band and the
free exciton transitions. Therefore, the binding energy of the
A free exciton should be 25.460.9 meV. The error is mainly
from the man-made error in determination of the PL peaks.
This value is slightly larger than 24.9 meV indirectly deter-
mined from the energy separation between both transitions
from the 1S and 2S state of free exciton at low temperature.
This indicates that the hydrogenic model is still a good ap-
proximation to describe the energy states of the free excitons
in heteroepitaxial GaN thin films.In summary, the LO phonon-assisted PL spectra of GaN
films grown on sapphire are investigated. The LO phonon
peak of the band-to-band transition is clearly observed at
higher temperatures. Combined with the phonon peak of the
free exciton transition, this leads to a direct determination of
the free exciton binding energy. It is found that the binding
energy of free excitons is 25.460.9 meV.
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